Transport of free fatty acids (FFA) across the adipocyte plasma membrane is critical for maintaining homeostasis. To determine the membrane's role in regulating transport we describe here the first measurements of the intracellular (unbound) FFA concentration ( 
Transport of free fatty acids (FFA) 1 into and out of adipocytes is essential for regulating circulating FFA levels (1) . Regulation of FFA levels is important because FFA provide a major portion of energy needs and elevated levels adversely affect human health (2) (3) (4) . Whether the adipocyte plasma membrane plays an important role in regulating FFA is an intensely debated issue (5) (6) (7) (8) . Evidence from a number of studies has yielded two essentially contradictory mechanisms of FFA transport. One view envisions FFA transport as a rapid diffusive process across the lipid bilayer phase of the membrane, in which the rate-limiting step is dissociation from rather than translocation across the membrane (6, 9, 10) . The second view proposes that transport is facilitated by membrane transport proteins and for the adipocyte three such proteins have been identified (7, 8, 11) .
These different views reflect, in part, the different methods used to monitor transport. Reports of rapid transport rely on measurements of the change in intracellular pH upon adding extracellular FFA (12, 13) . Identification of FFA transport proteins derive from measurements of FFA uptake, in which the time course is determined for the association of radio-or fluorescently labeled FFA with adipocytes (11, 14, 15) .
Transport across the plasma membrane involves the movement of FFA from the extracellular aqueous phase to the cytoplasmic aqueous phase, as well as the reverse process. Elucidation of the steps involved in the process would optimally be done by monitoring directly the time course of the intracellular aqueous phase concentration ([FFA i ]) following changes in extracellular concentration ([FFA o ]). Such measurements have not been reported for FFA transport in cells. We have previously developed methods for encapsulating ADIFAB in lipid vesicles and red cell ghosts and used these systems for studying FFA transport (16, 17, 18) . In this report we have extended these methods by injecting ADIFAB into 3T3F442A adipocytes. We have used ratio fluorescence microscopy to image [FFA i ] and thereby determined the characteristics of FFA transport across adipocytes. The results of these direct measurements of FFA transport indicate a much more complex and highly regulated transport mechanism in adipocytes than expected from previous studies.
EXPERIMENTAL PROCEDURES
Buffering [FFA o ]- [FFA o ] was buffered by FFA:BSA complexes formed by titrating with sodium salts of the FFA (Nu-Chek Prep) solutions of 600 M BSA (fatty acid free from Sigma) in a buffer consisting of 20 mM HEPES, 140 mM NaCl, 5.5 mM glucose, 5 mM KCl, 1 mM NaH 2 PO 4 , 1 mM CaCl 2 , and 1 mM MgSO 4 at pH 7.4 (C-HEPES). The titration was done by adding multiple 40 -70-l aliquots of a 50 mM solution of FFA in 4 mM NaOH to a stirred BSA solution at 37°C. The palmitate stock solution was maintained above 70°C during preparation of complexes. The FFA:BSA complexes were stored at Ϫ20°C. The unbound FFA concentration ([FFA u ]) for each complex was determined using the fluorescent probe ADIFAB (FFA Sciences) as described previously (19, 20) .
Cell Culture-3T3F442A adipocytes were prepared as described by Green and Kehinde (21) . Adherent adipocytes were removed using trypsin/EDTA, washed with phosphate-buffered saline and seeded at ϳ10 5 cells on to 24 ϫ 40 mm microscope cover slips. The cover slips were incubated in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal calf serum and 10 g/ml insulin for 18 -96 h before use.
Fluorescence Microscopy-Fluorescence images were obtained using a Nikon diaphot inverted fluorescence microscope fitted with filter wheels (Sutter) containing 20 nm band pass filters (Omega Optical) and a cooled CCD camera with a backed thinned sensor (Princeton Instruments). Most images were obtained with a Nikon Fluor 40 ϫ 1.3 NA objective. Cell-seeded coverslips were mounted in a heated perfusion chamber (Warner) to maintain the cells between 34 and 37°C and unless stated otherwise all experiments were performed in this temperature range. Single cells were microinjected (Eppendorf) with 400 M ADIFAB in C-HEPES and fluorescence images were recorded at 435 and 505 nm upon excitation at 380 nm. MetaFluor software (Universal Imaging) was used to log and form 505 nm/435 nm ratio (R) images. Fluorescence images were captured with typical exposure times of 100 ms and acquisition intervals of 15-60 s. Photobleaching of ADIFAB causes an upward drift in R value, which was minimized by limiting exposure time and placing neutral density filters in the excitation path. The R value for each pixel in the image was calculated by subtracting from the 505 and 435 nm ADIFAB intensities within the cell a background intensity obtained from areas containing no cells. This background was less than 10% and autofluorescence from cells without ADIFAB was less than 5% and was ignored in determining the R value. R values averaged over Ͼ50% of the cell area were used for determination of transport characteristics. The images were obtained by focusing in the center of these rather thick cells (10 -20 m) , and therefore the edges of the cells were generally not in focus. As a consequence R value determinations and the false color images in these narrow regions are not reliable and were not used in determining transport characteristics. Images acquired with BCECF (Molecular Probes) were excited at 440 and 485 nm and emission was recorded at 530 nm while for Magnesium Green (Molecular Probes) excitation was at 485 nm, and images were recorded at 530 nm.
Transport Measurements-Up to 10 cells in the microscope field were microinjected with ADIFAB. Cells were incubated with fatty acid-free BSA (FAFBSA) to reduce endogenous FFA, washed with C-HEPES to remove excess BSA, and then FFA:BSA was added to initiate influx. The time course of FFA dissociation from plasma membranes was determined by monitoring the FFA-mediated decrease in BSA tryptophan fluorescence after stopped flow mixing with oleate loaded plasma membranes (18) . Plasma membranes were isolated from 3T3F442A cells as described previously (22) .
ATP and pH i Assays-ATP was depleted by incubating cells in 10 g/ml oligomycin (Sigma) and 37 mM deoxyglucose (Sigma) in C-HEPES buffer without glucose (D-HEPES), for ϳ50 min. Greater than 90% ATP depletion was confirmed for adipocytes in suspension with the ENLITEN ATP Assay (Promega). Decreases in intracellular ATP were confirmed for adherent adipocytes by measuring cytosolic [Mg 2ϩ ] in situ (23) with Magnesium Green. Cells were incubated in 5 g/ml of the cell permeable Magnesium Green AM for 45 min, washed, and then incubated in C-HEPES for 30 min before use. Because ATP has a higher affinity than ADP for Mg 2ϩ , increases in cytosolic Mg 2ϩ are consistent with a decrease in intracellular ATP. The average Ϯ S.E. increase ([Mg 2ϩ ] increases as ATP decreases) in the Magnesium Green intensities upon ATP depletion was 51 Ϯ 6% (n ϭ 18). We also measured, in 3 separate experiments, Magnesium Green intensities in cells that were microinjected with ADIFAB to determine whether FFA i levels in different cells were consistent with their ATP i levels. This determination is subject to additional uncertainties compared with a ratio probe such as ADIFAB, because Magnesium Green intensities reflect, in addition to the cell's Mg 2ϩ level, the intracellular concentration of the probe and the uniformity of the illumination field in the microscope.
Intracellular pH (pH i ) changes in adherent adipocytes were monitored using BCECF (Molecular Probes). Adherent adipocytes were incubated in 0.5 M BCECF AM for 30 min and washed with C-HEPES before use. The intracellular BCECF response was calibrated by measuring the fluorescence ratio when loaded cells were exposed to buffers of varying pH in the presence of nigericin (Sigma).
Procedures for Modifying 3T3F442A Cells-Cells were treated to inhibit acyl-CoA synthetase by incubation with 10 -100 M Triacsin C (BIOMOL) for up to 2 h prior to transport measurements. For studies of the effect of 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS) (Molecular Probes), cells were incubated for 30 and 60 min in 200 M DIDS prior to transport measurements. Cells appeared contracted after incubation, but transport characteristics were unaffected. Phloretin (ICN) was prepared in C-HEPES with and without OA:BSA complexes or FAFBSA. Phloretin was used at 250 or 500 M for transport and studies of its interactions with BSA and ADIFAB. Effects of trypsin were assessed by incubating cells in 1 mg/ml trypsin (Sigma) for 30 min in C-HEPES. This treatment caused the cells to contract but had no effect on transport.
Carrier Model-We have constructed a carrier model of FFA transport by converting the simple, symmetric, four state model of Weiss (24) to one that is asymmetric. In this model the rate of change of the intracellular unbound FFA is expressed as the difference between influx and efflux shown in Equation 1.
The maximum influx and efflux rates are [FFA i ]-We have adopted a fluorescence ratio microscopy approach to image [FFA i ], using methods similar to those used to image intracellular free Ca 2ϩ concentrations (25) . 3T3F442A adipocytes were microinjected with ADIFAB, the fluorescent probe of FFA u (19, 20) . Phase contrast microscopy reveals the discrete lipid droplets characteristic of 3T3F442A cells (Fig. 1A, panel 1) . Fluorescence images were recorded at 435 and 505 nm. The ratio of the image intensities at 505 and 435 nm were used to determine [FFA i ] and are represented using a false color scale (Fig.  1A, panels 2-8) . Although not clearly visible in these ratio images, the fluorescence images at 435 or 505 nm reveal that ADIFAB fluorescence is uniformly distributed within the cytosol but excluded from the lipid droplets.
RESULTS

FFA Transport Measured by Imaging
The images of (Fig. 1B) . Influx was initiated by exchanging buffer without BSA for buffer containing oleate:BSA complexes for which [FFA o ] was 160 nM (Fig. 1, A, panel 2 and B, 2) . After initiating influx, [FFA i ] rose to steady state in about 300 s, yielding an influx rate constant (k in ) of about 0.02 s Ϫ1 and a steady state concentration of 470 nM. After steady state was reached, efflux was initiated by exchanging buffer containing oleate:BSA for buffer with FAFBSA ( Fig. 1, A, panel 6 and B, 6 constants and for all five FFA k out was about twice k in (Fig. 5A) (Fig. 5B) . The similarity of influx and efflux rate constants for the different FFA contrasts sharply with the large (Ͼ7-fold) differences in rates of transport and/or dissociation rates observed for these same FFA in lipid membranes (16, 28, 29) . These results indicate a distinctly different FFA transport mechanism in adipocytes than for lipid vesicles.
Translocation Is the Rate-limiting
Step for Transport-Influx and efflux measurements do not themselves indicate which step in transport is rate-limiting. Influx involves: 1) dissociation from BSA, 2) transfer of FFA from the aqueous phase to the membrane, 3) translocation across the membrane, and 4) dissociation from the membrane into the aqueous phase. In our transport measurements [FFA o ] is tightly buffered by the high concentrations (600 M) of BSA used in the FFA:BSA complexes. Under these conditions transfer of FFA from albumin to the membrane occurs in less than 0.2 s and therefore dissociation from BSA is not rate-limiting (18) . To determine if the membrane dissociation step is rate-limiting we measured oleate transfer from 3T3F442A plasma membranes to BSA, monitoring the decrease in BSA tryptophan fluorescence caused by oleate binding (18) . The results reveal a fast component with a rate constant of 1.7 s Ϫ1 that comprises 80% of the transfer amplitude (Fig. 6 ). The fast rate is similar to dissociation from lipid vesicles and red cell ghosts (17, 18, 29) , and the 80% amplitude is consistent with dissociation from these mostly unsealed membranes. A second component, comprising about 20% of the decrease in BSA fluorescence and having a rate constant of about 0.1 s Ϫ1 , may reflect translocation across the plasma membrane of a small fraction of sealed vesicles. Together with the much slower influx/efflux rate constants in whole cells, the rapid dissociation from the membranes is consistent with translocation as the rate-limiting step for transport across 3T3F442A cells.
Additional evidence for slow translocation was obtained by monitoring the decrease in intracellular pH (pH i ) upon addition of oleate to 3T3F442A cells containing the pH sensing fluorophore BCECF. The measurements were performed using the same conditions as for influx in cells containing ADIFAB. The rate constant determined from the decrease in pH i in response to extracellular oleate was virtually identical to that determined with ADIFAB (Fig. 7) . Together, the dissociation and pH i measurements indicate that translocation is rate-limiting for FFA transport across 3T3F442A adipocytes. These results indicate that the transported species is the protonated FFA. This is also consistent with our finding that the anionic FFA, hexadecanesulfonate, is not transported (data not shown). Although ADIFAB responds well to hexadecanesulfonate when mixed together and monitored fluorometrically, intracellular ADIFAB does not respond to the addition of extracellular hexadecanesulfonate.
Accuracy Fig. 2 . To help further ensure the accuracy of the ADIFAB response we investigated whether intracellular pH or long chain acyl-CoA might significantly alter the ADIFAB response.
Reducing pH i was reported to slow dissociation from adipocyte membranes (30) and because the affinity for ADIFAB increases with decreasing pH (31), high ADIFAB readings (Fig. 7) , which does not require FFA dissociation, and that determined by ADIFAB are virtually identical, indicating that the pH i , even with the decrease due to FFA transport, does not reduce the dissociation rate significantly. In addition, rate constants and the [FFA i ] Ͼ [FFA o ] gradient, were unaffected by treating cells with nigericin which clamped pH i to pH o (7.4) (data not shown). We conclude that changes in pH i under the conditions of our transport measurements have a negligible effect on transport rates or steady state [FFA i ] levels.
Long chain acyl-CoA was reported to bind ADIFAB (32) and if present in the cytosol, might interfere with the [FFA i ] determination. However our results indicate negligible influence of long chain acyl-CoA on the intracellular response of ADIFAB in 3T3F442A cells. First, the rapid reversal of the ADIFAB response by FAFBSA (Figs. 1B and 2 ) and the lack of membrane permeability of long chain acyl-CoA indicate that acyl-CoA does not contribute significantly to the observed response. Second, the acyl-CoA synthetase inhibitor Triacsin C (33) (up to 100 M) does not affect rates nor [FFA i ] levels nor does the presence of insulin and/or glucose (data not shown). These results are consistent with low metabolic activity in these cells (data not shown and Ref. 13 ) and therefore low levels of available long chain acyl-CoA in these cells during the less than 10 min transport time course (Figs. 1B and 2 ). Third, our own studies indicate that commercial acyl-CoA (oleoyl or palmitoyl) may contain FFA contaminants. We found that purifying preparations of acyl-CoA by hydrophobic chromatography, which removes FFA, results in a preparation that exhibits decreased
Lack of Effect of Protein Modification-
The results of our study suggest that FFA transport across 3T3F442A adipocyte membranes is protein-mediated. Previous studies of adipocytes have reported protein-specific reagents that inhibit FFA uptake and/or efflux including, phloretin, DIDS, and trypsin (7, 34, 35) . Our attempts to observe effects on transport with these reagents were unsuccessful (data not shown). In particular, our studies suggest that the apparent inhibition of efflux by phloretin/BSA (36, 37) is a reflection of high affinity binding of phloretin to BSA rather than an effect on cellular efflux of FFA. We find, using ADIFAB to monitor FFA u , that virtually all FFA bound to BSA is displaced, and thereby made unbound, upon addition of phloretin at about phloretin:BSA of 1:1. Indeed, at sufficiently high BSA/phloretin the combination is no longer inhibitory (36, 37) because, we suggest, FFA binding sites unoccupied by phloretin become available for FFA binding. In our measurements of influx and efflux we observe no effect of phloretin on rate constants; however, we observe an increase in 4) influx that is saturable, 5) transport characteristics that are independent of FFA molecular species, 6) a ratelimiting step due to translocation across the membrane, and 7) transport rate constants that are more than 50-fold slower than for lipid vesicles. These results are difficult to reconcile with a lipid phase transport mechanism. Lipid phase FFA transport reveals rate constants that are sensitive to the FFA species, equal inside/outside [FFA u ] concentrations at equilibrium, no saturation of influx rates, and rate constants that are at least 50-fold faster than for transport across adipocytes (17, 18, 28) .
This lack of consistency of adipocyte transport with a lipid phase mechanism raises the possibility of a carrier proteinmediated process. However, previous studies have reported that the lipid phase, as lipid vesicles, presents virtually no barrier to rapid (Ͻ5 ms) flip-flop (translocation) and is independent of vesicle or FFA type (38, 39) . If these results applied to transport across the lipid phase of the adipocyte membrane, a protein mechanism would be irrelevant. Support for rapid flip-flop across the adipocyte's lipid phase has been obtained in recent measurements of influx across adipocyte plasma membranes and whole cells (13) . These measurements were performed by monitoring the decrease in pH i after adding uncomplexed oleate to the adipocyte membranes and whole cells, and the reported rate constants were faster (Ͻ5 s) than the resolution of the method.
We have reinvestigated the problem of FFA transport across lipid vesicles and our results indicate that the previous reports of rapid flip-flop were based on an incorrect interpretation of the measurements (18) flip-flop is the rate-limiting step for transport of FFA across small as well as large unilamellar lipid vesicles and is sensitive to the nature (radius) of the bilayer. We suggest that the fast rate constants observed by Kamp et al. (13) for adipocytes, at least 10-fold faster than we obtain using oleate:BSA in the present study, are a consequence of the same type of perturbation induced by un-complexed oleate as we demonstrated in our lipid vesicle study. Indeed, these investigators (40) also reported that measurements of influx in rat and human adipocytes, determined by measuring pH i but using oleate:BSA instead of un-complexed oleate, revealed rate constants similar to those we report for 3T3F442A cells in the present study. We suggest therefore that FFA transport across the adipocyte membrane is likely mediated by a membrane protein transporter. Although previous studies have reported evidence for protein mediated mechanisms for FFA transport in the adipocyte (11, 41, 42) , the novel results of the present study, suggest that mechanisms not identified previously may be involved in the transport of FFA across adipocytes. In addition to the ATP-mediated
heterogeneity, and the efflux gate, which have not been reported previously, our results revealing influx saturation are different than previous observations of saturation reported by uptake studies (7, 35) . The kinetics observed in uptake studies have both saturable and non-saturable influx components implying both a carrier-mediated and a parallel lipid-mediated pathway. Our results reveal only a saturable component for influx; there is no parallel pathway through the lipid phase. This implies that rather than allowing rapid flip-flop, the lipid phase of the adipocyte plasma membrane may be highly refractory to FFA transport and therefore transport is only carrier-mediated.
The transport characteristics we observe in this study are well described by the relatively simple carrier model outlined under "Experimental Procedures." Model parameters were obtained by fits to the [FFA u Only data for ATP-replete cells was used to establish these model parameters. This leads to a testable prediction for future studies in ATP-depleted cells that either K o will increase (lower affinity) or the translocation rate R oi will decrease upon ATP depletion. The model accommodates an efflux gate by allowing efflux to occur either through a slow or fast state of the carrier, with the relative fraction of these states regulated by the binding of FFA o to the gate with affinity K g . Fig. 4b are consistent with these predictions. The agreement of this model and its predictions with the data provide strong support for a carrier and the model provides testable predictions that should guide further studies.
The results of this study help to elucidate the role played by the adipocyte in regulating circulating FFA levels. First, large quantities of FFA are exported from adipose tissue to satisfy normal metabolic requirements (1) under normal (fasting) conditions when serum [FFA o ] is Ͻ4 nM (26, 27) . This is consistent with the rapid efflux we observe when [ 
